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ABSTRACT
Beach cusps are rhythmically spaced, crescentic beach features 
which consist of cusp shaped seaward pointing depositional ridges or 
mounds, often referred to as horns, separated by concave seaward troughs 
or bays. They have longshore spacings that vary from a few centimeters 
up to 25 meters. The purpose of the project was to conduct a field 
investigation of the shoreline processes and sediment responses associa­
ted with beach cusp formation on Whidbey and Fidalgo Islands, Washington. 
Despite the many theories published in the literature for the origin of 
beach cusps, many of which are contradictory, there were only two theories 
proposed that could explain the origin of the cusps being studied: the
shore drift in the form of sand waves theory proposed by Schwartz (1972), 
and the edge wave theory proposed by Huntley and Bowen (1973). The goals 
of the investigation were to determine which theory explained the origin 
of the beach cusps and also to document the processes and responses 
associated with their formation. Five beaches were selected as field 
sites due to their different sediment mix and exposure to incoming waves. 
These beaches often had beach cusps on them. Associated with the cusps 
were ridges that were symmetric in profile, linear and normal to the 
water line in plan, and directly down beach from the cusp horns. They 
were referred to as symmetric beach normal ridges and one question was 
whether or not these ridges were actually sand waves formed by longshore 
currents perturbing the foreshore bed.
The investigation indicated that edge waves, not shore drift in the 
form of sand waves, explained the origin of the beach cusps. The steep 
beaches (4° to 9°), relatively low wave energy (wave height of 13 cm ±3.5 cm)
and small angle of incidence (12° +3.5°)were not conducive to the for­
mation of sand waves. The spacings of beach cusps computed by the edge 
wave theory compared very favorably with the actual measured beach cusp 
spacings. The interaction of edge waves and incoming waves developed 
a cell circulation of swash-backwash and a corresponding transportation 
of beach sediment in an arcuate trajectory. The beach cusp horns were 
probably directly up-beach of intensified swash from the edge wave 
antinode - incoming wave interactions. This intensified swash deposited 
and sculptured the gravel mound comprising the cusp horns. A reinforcing 
feedback to the edge wave induced cell circulation was observed to be 
developed by an initial topography or even longshore variations in sediment 
sorting. This feedback aided in maintaining the circulation cells and 
continual redistribution of beach material. This redistribution occurring 
through an ebbing tide formed the symmetric beach normal ridges associated 
with the beach cusps.
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Rhythmic longshore morphological features have been commonly observed 
in beach and nearshore zones. Of these, cuspate shaped features known as 
beach cusps have been widely studied. Beach cusps are rhythmically spaced, 
crescentic beach features which consist of seaward pointing cusp shaped 
ridges or mounds, often referred to as 'horns', separated by concave 
seaward facing troughs or bays. They occur in the foreshore zone of a 
beach and are most commonly found at or near the high tide mark. Beach 
cusps seem to form best on beaches consisting of a mixture of sand and 
shingle but have been seen formed on beaches which range in sediment size 
from sand to boulders (King, 1972; Russell and Mclntire, 1965). It has 
also been generally noted that the cusp horns consist of coarser material 
than the bays (Russell and Mclntire, 1965). Beach cusps are called cusplets 
if their spacing is less than 1.5 meters or typical beach cusps if their 
spacing is between 1.5 and 25 meters (Dolan and Perm, 1968).
There are nine various theories published in the literature for the 
origin of beach cusps. Only three of these theories attempt to explain 
the origin, shape and rhythmic nature of beach cusps. Many of the ideas 
and observations concerning beach cusps are contradicted by others (Komar, 
1976). Very few of the theories are backed by field evidence and none 
of them consistently apply to the wide range of cusp sizes known to exist.
This project was based on a study of the origin of some beach cusps in 
Puget Sound, Washington. The author believed that either the sand wave 
theory (Schwartz, 1972) or the edge wave theory (Bowen and Inman, 1969) 
could explain the origin of the cusps. New support for the origin of 
beach cusps by one of these theories was one goal. Another goal was to
attempt to explain the nature of the sediment responses to the 
processes initiating the formation and development of beach cusps.
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THEORETICAL CONSIDERATIONS
There are a few questions of theory and nomenclature which should 
be clarified here. These shall be divided into brief discussions of the 
two theories which have been considered and a discussion of the terms used 
to describe some of the ripple-like morphologic features which have been 
investigated during the project.
Sand Wave Theory
The sand wave theory proposed by Schwartz (1972) hypothesized that 
shore drift in the foreshore zone can occur as longshore sand waves. He 
stated that "shore drift occurs not as a sheet flow of sediment but as a 
series of evenly spaced sand waves or ripples transported longitudinally 
along the foreshore with their crests oblique to the shoreline. These 
sand waves in turn present a crest and trough relief profile to the swash 
and backwash operating in this zone. Swash-backwash reworking of the 
sediments comprising this microtopography fashions beach cusps, wherein 
the crests become the horns and the troughs the bays." Large scale long­
shore sand waves have been discussed by Bruun (1954), Sonu and Russell 
(1966), Sonu (1968, 1973) and Bakker (1968). These authors drew an analogy 
to bedforms developed in fluvial systems. The idea is that there are sand 
wave trains on the foreshore bed which result from perturbations by long­
shore currents. Bagnold (1956) attempted an explanation of the theory 
behind the development of bedforms from an initially flat bed which is 
being perturbed by a unidirectional current. As the fluid stress on a 
bed is increased, a condition is reached where there is a deficit in the 
resistance to movement that a plane granular bed can exert and erosion 
occurs. The eroded sediment cannot move as bed load without an increase
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in applied stress and is therefore redeposited. This causes a condition 
of bed instability and an equilibrium state can be achieved only if the 
grains are redeposited in such a way as to increase tangential stress.
The formation of ripples and dunes satisfies this requirement. Bed- 
forms could therefore be initiated by a unidirectional current passing 
over the surface of the bed. Longshore sand waves developed in the 
foreshore zone shore drift presumably form under the influence of a unidirec­
tional current flowing perpendicular to their crests. This current 
is considered by Bruun (1954) and Sonu (1968, 1973) to be a longshore 
current due to obliquely incident incoming waves. The symmetric beach 
normal ridges observed to be associated with the beach cusps studied in 
this report were investigated in relation to the longshore current 
velocities present.
Edge Wave Theory
Edge waves were defined by Guza and Inman (1975) as: "the normal
trapped modes of longshore periodic wave motion that occur along the edge 
of water bodies, and they can be either standing or progressive." The 
edge wave wavelength, L, can be determined by the following equation 
developed by Ursell (1952):
L = 2ir (Te)^ Sin(2n+1)6
where
L = edge wave wavelength in the longshore 
direction
g = acceleration due to gravity 
Te = edge wave period 
n = mode numer 
e = angle of beach slope
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Edge waves can be considered as standing waves whose crests are perpen­
dicular to the shoreline. They have nodes where there is no vertical 
movement of water and anti nodes where the full edge wave height will be 
traversed by an up-and-down movement (Komar, 1976). As one anti node moves 
downward the adjacent antinodes would be moving upward. A node separating 
two antinodes would act as a flexural point of no vertical movement. The 
interaction of synchronous edge waves (edge wave period = incoming wave 
period) and incoming waves produces a regularly spaced addition and 
subtraction of wave crests at alternating anti nodes, the resultant spacing 
between added wave crests being one edge wave wavelength (Komar, 1976).
For subharmonic edge waves (edge wave period = twice the incoming wave 
period) addition and subtraction of wave crests will alternate at every 
antinode with successive incoming waves. The resultant spacing would be 
one-half the edge wave wavelength (Sallenger, 1978). In either case, 
the consequence is a regular variation of the breaker height in a longshore 
direction. This in turn can create a regular pattern of cell circulation 
shoreward of the breaker zone (Bowen and Inman, 1969) or a regular pattern 
of wave swash (Bowen, 1972). This pattern of cell circulation or wave 
swash could rearrange beach sediment into a series of rhythmically spaced 
beach cusps.
Sand Wave Defined
The term 'sand wave' which was used by Schwartz (1972) and others 
to denote the large longshore periodic ripple-like features in the fore­
shore zone, which are nearly perpendicular to the shoreline, is the best 
term that could be applied. Other terms such as 'dune' or 'megaripple' 
are merely special cases of the term 'sand wave'. By definition a
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'sand wave' is: "a large, ridge-like primary structure displayed on the
upper surface of a sedimentary bed, having a slope somewhat resembling 
a water wave, and formed by high velocity currents that move sand usually 
approximately normal to the direction of flow; e.g. a dune moving down- 
current. It is usually periodic and may be either symmetric, asymmetric 
or irregular in shape. The term has been used to describe sand ripples 
and sand dunes of all types and sizes, but it is usually restricted to 
very large and linear subaqueous sand dunes or sand bars formed on a 
stream bed. The smallest sand waves are known as ripples and the largest 
sand waves as megaripples" (A.G.I. Glossary, 1972, p. 629).
The features investigated during part of this study are large, 
linear, longshore periodic symmetrical mounds of gravel which trend 
nearly perpendicular to the shoreline. Since their mode of formation 
is questionable, a term with genetic connotations such as 'sand wave' 
will not be used. These features will be referred to as symmetric beach 
normal ridges until the mode of formation is determined. Only after 
such a time can a genetic term be used to denote the features in question.
STATEMENT OF THE PROBLEM
Currently, two theories for the origin of beach cusps may explain 
the origin and rhythmic spacing of the beach cusps studied in Puget Sound: 
littoral zone shore drift in the form of sand waves (Bruun, 1954; Sonu,
1968) theoretically applied to the origin of beach cusps by Schwartz 
(1972), and the edge wave theory (Huntley and Bowen, 1973; Komar, 1973;
Guza and Inman, 1975). Neither theory is strongly backed by evidence from 
the natural environment.
Beach cusps ranging in spacing from 1 to 15 meters are commonly observed 
on several beaches on Whidbey Island and Fidalgo Island, Washington. 
Associated with many of these cusps are symmetric beach normal ridges 
found lower on the foreshore which trend nearly perpendicular to the 
shoreline. Ridges higher on the foreshore are unrelated to the beach 
cusps. They probably represent the result of processes acting higher on 
the foreshore during events when water level was higher, such as storms or 
the higher of two unequal high tides. The symmetric beach normal ridges 
are not beach cusps. They are linear and although they present a cuspate 
shape to the shoreline as the tide rises over them, this is not the 
depositional feature known to be a beach cusp. Of prime importance to 
understanding the origin of the beach cusps is the determination of the 
origin of the foreshore zone symmetric beach normal ridges.
There are three questions that the investigation will attempt to answer. 
First; are the symmetric beach normal ridges observed on the beaches actually 
sand waves formed in the shore drift, presumably by a strong longshore 
current passing over the foreshore bed? If so, do they migrate alongshore 
under the influence of a longshore current as large sand waves observed
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elsewhere do? Second; do the symmetric beach normal ridges play a role 
in the origin of beach cusps? Third; if these processes do not occur, 




The regularity and relative simplicity of beach cusps has attracted 
a large number of investigations into the origin of these features. Many 
of the conclusions drawn in these studies are contradicted by conclusions 
from others (Komar, 1976). However, there are a few facts about beach 
cusps which have been generally accepted: Beach cusps are depositional
features over the beach (Schwartz, 1972); beach cusps can be formed in 
sediment ranging in size from sand to boulders (Russel and Mclntire, 1965;
King, 1972); beach cusp horns are generally coarser than adjacent embay- 
ments (Russell and Mclntire, 1965); cusp spacing is directly related to 
swash length (Johnson, 1919; Longuet-Higgins and Parkin, 1962); no 
single theory can explain the origin and rhythmic spacing, over a wide 
range of sizes, of beach cusps (King, 1972; Schwartz, 1972).
Several theories of beach cusp formation are based on the preexistence 
of a slight beach topography. Evans (1938) proposed that beach cusps are 
formed by erosion of beach ridges.
Johnson (1919) first proposed that wave swash will start eroding 
slight depressions which are in the beach face. The continued action 
of the swash-backwash will enlarge the depressions into embayments. The 
embayments would continue to grow in size until the spacing of the cusps 
equals the wavelength of the incoming waves.
Kuenen (1948) refined Johnson's idea by adding that as embayments 
enlarge, wave swash is refracted from the center of the bays onto the 
cusp horns.* This pattern of water motion from the bays onto the cusp 
horns causes further erosion of the bays and deposition of sediment on 
the horns. The coarser sediment remains on the horns while the finer *
sediment washes back into the bays.
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Bagno!d (1940) described the water circulation in and around beach 
cusps as being totally opposite that which Kuenen depicted. Bagnold 
described a wave initially breaking over a straight step line followed 
by the wave swash concentrating on the cusp horns. This swash is divided 
by a horn into two flows which surge along the flanks of the horn and 
into the adjacent bays. These flows intercept the swash which has moved 
directly up the embayments. Backwash from these flows returns erosively 
down the center of the bays and is considerably stronger than the previous 
swash. Small deltas formed just offshore opposite the embayments are 
presumably the result of this erosive backwash.
Russell and Mclntire (1965) proposed a theory similar to the theory 
of Johnson (1919) and Kuenen (1948), but they based it on the circulation 
patterns observed by Bagnold (1940).
There are a group of theories which are based on the rhythmicity of 
water movement. Two of these theories propose a regular spacing of 
intensified wave swash which produces a rhymically eroded beach face.
Cloud (1966) suggests that a breaking wave approximates a liquid cylinder 
in a gravity-free situation, which according to Plateau's rule (see Cloud, 
1966) becomes unstable when its length exceeds 2irr and divides into 
subequal lengths which are proportional to the diameter of the cylinder. 
The ratio of the length of the segments to the diameter varies from 
15.5 to 16.7. Cloud hypothesized that the ratio of beach cusp spacing 
to wave height should be the same.
Gorycki (1973) proposed that sheetflood wave swash can divide into 
"salients" separated by turbulent zones of retarded flow. These regularly 
spaced salients can form beach cusps by the turbulent zones between
10
salients eroding out the embayments.
Two theories which are based on interacting wave motions have gained 
some acceptance. A theory proposed by Branner (1900) and developed by 
Dalrymple and Lanan (1976) hypothesizes the origin of beach cusps by 
intersecting waves. They believe that addition and subtraction of the 
intersecting waves would cause rhythmic erosional-depositional regimes. 
Dalrymple and Lanan experimentally showed that rip currents generated by 
intersecting waves of the same wave length can create beach cusps of a 
known spacing which is dependent on the wave length and the angle between 
the intersecting waves.
A highly investigated theory for the origin and rhythmic spacing of 
beach cusps is the edge wave theory. Guza and Inman (1975) define edge 
waves as "the normal trapped modes of longshore periodic wave motion that 
occur along the edge of water bodies, and they can be either standing 
or progressive." Of these two, standing edge waves are needed for beach 
cusp formation. The interaction of edge waves with normally incident 
waves can, through addition and subtraction of wave crests and troughs, 
produce a cell circulation of longshore currents and rip currents. In 
some situations closely spaced rip currents may in turn act to form beach 
sediments into a series of beach cusps with spacings equal to the spacing 
of rip currents (Komar, 1976). A variety of possible edge wave modes 
with different wave lengths makes it possible to explain the occurrence 
of many beach cusps of varying sizes using edge waves. Several recent 
studies have investigated the role of edge waves in the origin of beach 
cusps: Bowen (1969b, 1972), Bowen and Inman (1969, 1971, 1972), Guza and 
Inman (1975), Huntley and Bowen (1973, 1975), Inman (1971), and Komar 
(1971, 1973).
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Finally, there is a theory proposed by Schwartz (1972) for the 
origin of beach cusps which is based on the existence of regularly spaced 
sand waves or ripples in the littoral zone shore drift. Schwartz believes 
that under the influence of obliquely incident waves these sand waves 
migrate alongshore with their crests at an oblique angle to the shore­
line. The sediments composing the sand waves are reworked by the swash- 
backwash into beach cusp horns. The troughs between the sand waves 
correspondingly become the beach cusp embayments. Zenkovich (1967) 
suggests that the development of rhythmic shoreline forms may be 
explained by the occurrence of random fluctuations in the subsurface 
(relief, gradient, sediment size) or in the water column in the surf 
zone. The nature of large scale migrating sand waves related to shore 
drift have been discussed by Bruun (1954), Sonu and Russel (1966),
Schwartz (1967), Bakker (1968), Sonu (1968, 1973) and others. They 
have observed that shoreline configuration and beach profile can change 
as a result of migrating sand wave trains.
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PHYSICAL SETTING
An index map of northwest Washington shows that the study sites are 
located in north central Puget Lowland (Fig. 1). Tides in this area are 
mixed diurnal with a large range between low and high tide (Davies, 1973). 
Winds are moderate and predominantly from the southeast (Fig. 1). This 
area can be characterized as having a moderate wave regime (Keuler, 1978). 
Occasionally though, high winds from the west and southwest have been 
observed to generate 1 to 2 meter high waves on the Strait of Juan de 
Fuca which reach the western shores of Fidalgo and Whidbey Islands.
Locally, each beach differs with regards to direct wave fetch and 
sediment mix (Fig. 2). The sedimentary data will be discussed in a 
later section.
The beach at Ship Harbor is located on the northwest shore of 
Fidalgo Island (Fig. 2). It is a pebbly beach developed on an old bay- 
mouth bar (Fig. 3). The maximum wave fetch is 4.5 kilometers north through 
Bellingham Channel to Sinclair Island. There is a relatively shallow low 
tide terrace (see Komar, 1976, pg. 297) offshore which significantly 
absorbs much of the wave energy, making this the lowest energy beach 
studied.
Rosario Beach is located near the southwest corner of Fidalgo 
Island (Fig. 2). It is a gravelly pocket beach with a slight log spiral 
shape (see Yasso, 1965) due to Rosario Head which refracts waves approach­
ing from the west and southwest (Fig. 4). Rosario Beach has a low tide 
terrace developed offshore but it is not as shallow as at Ship Harbor.
The maximum direct wave fetch is from the west and southwest through the 




Figure 2. Local map of Fidalgo Island and Whidbey Island, Washington 
with study sites indicated.
15
Figure 3. Photograph of Ship Harbor, Fidalgo Island, exposed at low tide. 
The view is to the east.
Figure 4. Photograph of Rosario Beach, Fidalgo Island, exposed at low tide. 
The view is to the south.
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approaching out of the northwest by Northwest Island (Fig. 2). Rosario 
Beach, due to its long fetch and only the partial wave refraction by 
Rosario Head, is the second highest energy beach studied.
North Beach is located on the northwest corner of Whidbey Island 
(Fig. 2). It is a cobbly beach on the shore of Deception Pass (Fig. 5). 
The maximum fetch is less than 0.5 kilometer to the north but waves 
occasionally refract from the west onto North Beach. There is no low tide 
terrace offshore so waves can reach the beach without much energy loss 
due to bottom friction. The small fetch, however, makes North Beach the 
third lowest energy beach studied.
West Beach is also located on the northwest side of Whidbey Island 
(Fig. 2). It is very long by Puget Sound standards, stretching almost 
3 kilometers from north of Swantown to Deception Pass. West Beach is a 
mixed sand to cobble beach which is actually developed on a bay-mouth 
bar near West Point (Fig. 6). It has an extensive low tide terrace 
relative to that at Rosario Beach and Ship Harbor. Since West Beach faces 
due west into the Strait of Juan De Fuca it has the greatest fetch of all 
the beaches studied, and is easily the highest energy beach. The fact 
that is has more sand than the other beaches is probably due to a large 
nearby source of unconsolidated glacial and proglacial sands and gravels 
(Easterbrook, 1968).
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Figure 5 Photograph of North Beach, Whidbey Island, exposed at low tide 
The view is to the east.
19
Figure 6 Photograph of West Beach, Whidbey Island, exposed at low tide 
The view is to the south.
20
Table 1. Range of beach slopes at the various study sites



















The following investigative approach was taken in this study:
1. Wave period, significant wave height (average of the highest 1/3
of all incoming waves) and angle of wave incidence were recorded
whenever a survey or tracer study was conducted. From these
parameters the longshore current velocity as well as the edge
wave wavelengths occurring at that time could be computed.
2. Detailed surveys of the foreshore zone were conducted parallel
to the shoreline. They were used to determine the dimensions of
the cusps being studied, their spatial relationship to lower
foreshore features, and whether or not these features migrated
alongshore.
3. Sedimentary size analyses were conducted to determine characteristics
of the sediment distribution related to the beach cusps. The
local beach stratigraphy associated with beach cusps was also
described.
4. Colored tracers were used and recorded with time-lapse photography
to determine any patterns of sediment motion which may be related




Wave height, wave frequency and angle of incidence were obtained 
each time a survey or tracer study was conducted on one of the beaches 
studied. The angle of incidence was measured with a Brunton compass.
Wave height and wave frequency were recorded with an instrument developed 
by the author and referred to as a "wave stadia." The device is pictured 
in Figure 7. A complete description of the "wave stadia" and its use 
can be found in Appendix I. It is a vertically floating stadia rod used 
as a stationary reference marker for determining wave height and frequency. 
The increments of 1 cm, 2 cm, and 10 cm are used to determine wave height.
Surveys
All of the surveys were: (1) taken on the foreshore between low
and high tide; (2) parallel to the shoreline; and (3). except for four 
surveys, 30m long ± 50 cm. The position of the survey line end points 
are marked with metal pipes driven into the beach face. This ensured 
that a series of surveys would be made over the same traverse.
Three methods of conducting the surveys were used in this investiga-
ti on;
(1) An Aus Jena surveyor's level was used with a stadia rod and a
steel tape.
(2) An Aus Jena surveyor's level was used with a free-standing meter
stick and a steel tape. The meter stick replaced the stadia
rod and eliminated the need for a rodperson.
(3) A one-person profiling device developed by the author and referred
to as a "catenary profiling device" was used with a steel tape.
This device is pictured in Figure 8. A complete description
23
Figure 7. Wave stadia marked off in 
and associated hardware. 2 and 10 centimeter increments
24
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of the "catenary profiling device" and its use can be found in 
Appendix II. The "catenary profiling device" replaced the 
surveyor's level in conjunction with either a stadia rod or 
meter stick.
The surveyor's level in conjunction with either a stadia rod or 
meter stick, or the "catenary profiling device" were used to measure 
changes in elevation along a traverse. The steel tape was used to measure 
changes in distance along the traverse.
Sediment Sampling
Sediment samples from the surface of beach cusp horns and adjacent 
embayments were taken at each beach studied. Occasional samples of 
sedimentary layers below the beach surface were taken. These were taken 
by first digging a trench either parallel or perpendicular to the water 
line then sampling the various layers in the trench wall. Descriptions 
of the stratigraphy in the trench walls were also made.
The grain size distribution of 37 sediment samples was determined 
by sieve analysis. Each sample was first sieved through -4.67 and -3.67 
phi screens by hand to remove the very coarse sediment. They were then 
separated with a RoTap through 23 cm diameter sieves, at intervals 
of one-half a phi unit, from -2.5 <i> to +2.5 (|).
Tracer Studies and Time-Lapse Photography
Beach gravel obtained on the particular beach studied was used for 
the tracer in all of the studies. The samples were spray painted with 
a thin coat of fast drying, non-binding, fluorescent paint. The tracers 
were painted either in situ on the beach, or elsewhere and then deposited 
in specific location on the beach.
26
The time-lapse photography was conducted with a standard 35 mm 
camera on a stationary tripod. It was positioned directly up-beach from 
the area being studied. The length of time between the pictures
taken varied depending on the nature of the tides or the feature being 
studied.
The tracers were usually implanted at low tide and the time-lapse 
photography taken through a tidal cycle. Three tracer studies were con­
ducted during the course of the investigation. In each study, the 
tracers were implanted at low tide and the time-lapse photography was 
taken through the flood tide. In only one study was the time-lapse 
photography continued through a complete tidal cycle.
Angle of Beach Slope
The angle of beach slope was taken with a Brunton compass laid on 
a meter stick. The slope of the mid to upper foreshore was determined 
since this was the part of the beach that the investigation was concerned 
with (Table 1). The range of 2° was used since 
beaches were variable enough to deem a range of





The following wave parameters were recorded: significant wave
height (average of the highest one-third of all waves), wave period, and 
the direction and angle of wave incidence. With these parameters known 
it is possible to determine how incoming wave energy is dispersed on 
the beach. The wave parameter data which was recorded is listed in 
Table 2. In almost every case the incoming wave energy was relatively 
low. The mean wave height prior to breaking was 13 centimeters ±3.5 
centimeters. The mean wave period was 3.1 seconds ± 1.2 seconds. The 
mean angle of incidence was found to be 12° ± 3.5°.
Longshore Current Evaluation
Longshore current velocities were not directly measured during the 
course of the investigation, but they have been calculated from the 
measured parameters. The longshore current velocities were determined 
to find out if the velocity was strong enough to generate any large 
scale ripples in the shore drift as Schwartz (1972) hypothesized. The 
longshore current velocities have been calculated from two separate model 
and then averaged. Both models approach longshore current velocity 
determination from different theoretical grounds. The models used were 
formulated by Inman and Quinn (1952) and Komar and Inman (1970). A 
thorough review of the history and theory of longshore current models 
can be found in Galvin (1967), Longuet-Higgins (1972), and Komar (1976).
Inman and Quinn (1952) formulated a model for longshore current 
generation which was a derivation of the momentum flux approach to long­
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Inman and Quinn came up with the relationship
J_ i J_ 9Vl = [ ( 4C + Cjj Sin - 2C T
where
V|^ = longshore current velocity
C - 108.3 T Tan 3 Cos a,
b
Hb = wave height at the breaker zone
T = wave period
2 = angle of beach slope
“b = angle between the wave crest and a line parallel
to the shoreline
r ^
S " velocity of wave propagation at the breaker
zone
g = acceleration due to gravity
The model of Inman and Quinn (1952) is semi-empirical but it correlates 
well with existing measured longshore current velocities determined in 
the field (Komar, 1976).
Komar and Inman (1970) developed a model for the determination of long­
shore current velocities which is based on the radiation stress concept 
of Longuet - Higgins (1964) and applied to longshore current generation 
by Bowen (1969a). Bowen suggested that longshore currents due to 
obliquely incident waves are generated by the flow toward the shoreline 
of momentum which is directed parallel to the shoreline. The relationship
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developed by Komar and Inman (1970)
= 2.7 u^ Sin a. Cos a. 
mb b
where
\ = longshore current velocity
2Eb
= phj^ , maximum value of the horizontal orbital
velocity evaluated at the breaker zone.
3 2
= T6 pgH , total wave energy density at the breaker
zone
P = water density
= still water depth at the breaker zone
g = acceleration due to gravity
^^b = wave height
“b = angle between the wave crest and a line parallel
to the shoreline
is strongly based on contemporary theory and correlates very well with
existing field data (Komar, 1976). The author believes that this model 
can best approximate longshore current velocities from the wave parameters 
which have been obtained.
Table 3 lists the two longshore current velocities predicted by 
the above models and the average of these velocities for each of the 
twenty-six measurements of wave parameters. Since a range of beach slopes
32
Table 3. Calculated longshore current velocities (Vl) and their average 
in cm./sec. The range of values is due to the variability of 
beach slope.
Location Date Vl (Inman and 
Quinn, 1952)




NB 6/18 68-74 62 65-68
NB 6/20 33-35 52 42-43
R 8/2 4-6 13 8-10
R 8/3 4-6 13 8-10
R 8/5 4-5 14 9-10
R 8/26 4-6 13 9-10
R 8/27 9-10 17 13
R 9/2 0 0 0
R 9/3 0 0 0
WBB 10/8 35-38 54 45-46
WBB 10/9 4-5 15 10
R 10/9 4-6 17 10-11
WB 10/10 5-6 30 18
NB 10/11 2-3 19 11
WB 10/11 1 11 6
WB 10/13 0 0 0
WB 10/14 0 0 - 0
NB 10/20 18-23 54 36-38
WB 10/20 51-55 75 63-65
NB 10/21 3-4 19 11
WB 10/21 51-55 75 63-65
WB 10/22 10-12 30 20-21
WBB 10/25 70-84 100 85-91
WBB 10/26 49-58 87 68-73
R 2/5 1-2 9 5
R 2/7 1 9 5
NB - North Beach, Whidbey Island 
R - Rosario Beach, Whidbey Island 
WB - West Beach at Deception Pass, Whidbey Island 
WBB - West Beach at Bandt Road, Whidbey Island
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were used to determine the longshore current velocity by Inman and Quinn 
(1952) a range of longshore current velocities was obtained. Due to the 
low relative wave energy and small angle of wave incidence, most of the 
calculated longshore current velocities are correspondingly low. The 
average of the twenty-six average longshore current velocities is only 
twenty-six centimeters/second.
Longshore Currents and Associated Bed Forms
Figure 9 shows the relationship of water velocity to water depth 
needed for the development of bed forms (Sonu, 1968). The average 
calculated longshore current velocities listed in Table 3 have been 
plotted against the water depth at the breaker line. The position of the 
points indicate that most of the longshore current velocities that 
occurred while beach cusps were present were probably too low to develop 
any bed forms. A few of the calculated velocities appear high enough 
to develop bed forms on the foreshore bed. In the next section the 
effect of high longshore current velocities on foreshore zone topo­
graphic features will be discussed.
Surveys
Detailed surveys parallel to the shoreline, conducted on the beach 
foreshore zone, indicate any spatial relationships of beach cusps to 
rhythmic longshore symmetric beach normal ridges. These ridges occur 
in the foreshore zone and are roughly perpendicular to the shoreline 
(Fig. 10). A set of surveys was conducted over a traverse with one 
survey run before a high tide advanced over the foreshore and another 
survey run either after high tide receded or the next day at low tide 
after two full tidal cycles. These surveys provided a before and after
34
—^water depth (cm.)
I Figure 9. Comparison of the average longshore current velocity and water
depth at the breaker line (after Sonu, 1968).
35
Figure 10. Photograph of symmetric beach normal ridges exposed at low 
tide at Rosario Beach.
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cross section of the topographic relief of a part of a foreshore that 
was acted upon by shore processes possibly associated with beach cusp 
formation. Repeated surveys over the same traverse were made in an 
attempt to determine if any longshore migration of these rhythmically 
spaced foreshore zone topographic features being profiled did occur.
Either one set of surveys or several (two or three) mutually parallel sets 
of surveys conducted at different elevations across the same section of 
beach could show any of the following: (1) the height and spacing of 
beach cusps and (or) related foreshore zone symmetric beach normal 
ridges, (2) spatial relationships of beach cusps to symmetric beach 
normal ridges which may occur in the foreshore zone, and (3) any long­
shore migration of beach cusps and associated symmetric beach normal ridges.
Dimensions of the Features
Graphic representations of 48 detailed surveys are shown in Figure 
11 a-v. These comprise 22 sets of surveys, each consisting of 2, 3 or 4 
surveys conducted over the same traverse. The average spacing of beach 
cusps and (or) associated symmetric beach normal ridges determined from the 
surveys are summarized in Table 4.
Table 5 contains the average height (H), length (B) and B/H ratio 
of beach cusps, symmetric beach normal ridges, and lower foreshore 
ripples obtained from 18 surveys. The length of the features does not 
refer to the spacing but rather to the cross-sectional width of the deposition- 
al mound of the sediment. At times, when the topography was sinusoidal 
in profile, the length and spacing of the features were the same. In 
Figure 12 (Allen, 1968) the average height is plotted against the average 




+J • O —'<0 T3 
cn (u <u 
•I- c <d c+-» *1- -r-
t/) 1— M p—0)
> “O 0> “O
C •!- > 0)
•i— r—~ s- ^ •o 3 (/) c
(U (/) to fO o
sz “O-M <a TO 4->
C “O rO
o c
C C/> O ro o>
•r- +-> <D<u (/) "O
Z3 to Oi
T3 <U -M 4-
JO +-> O
“O r— +J O
(U fO -o c
</l oU C +-> o>
3 HH c c +->
no <u o
c </) +J 0)
o • <U (0 S-
u ^ i~ c •r“<1) Q. S- -O
in r— <u <u >>•1- S- 4-> <U
QJ t— SZ> fO 4->
S- i. I
3 Q. I C 0)
1/1 I (O 4->
O)'— (OM- S- T3 O
O 0) Q) C *r-
2 c <T3 -a
U1 -r- C-»-> >,1—<U (U 
l/> ^ "O(UCM JC 
CM tn t/1
>»(U (/)> 2s- o
s-
(U <a (n s- 
<u +-> -o
-C (T3 T34-> “O lO 1.
•n* •0) --c: >,
O -C >,+J o»
<u >
to > o» J-C T5 J- ^ o
O C O 4-> CO
•r» «r- CO4-> <4- CO x:
ro +->+-> +J
4-> O CO c: S-
C 4-> S- <1) 3
0) •r- t/l OCO ^ M- <U 4-
O) s.
0) <U Q- (U
Q-r— x: o> ^
Q) ^ S- CO
4-> S- +J
to.—* to
f— +-> • 4->rO O c • c
U +-> <D • 0)
♦r* to "— to-£= S- 0) (DQ. O) s- cu s-
fO M- Q. C O.
(D 0) -r- <U



























































R 8/2 1 4.5 R
R 8/3 2 3.4 R
R 8/5 3 4.5 C
R 8/26 1 2.6 C
R 8/27 2 3.1 C
R 9/2 1 2.4 C
R 9/2 2 1.9 C
R 9/3 3 2.0 C
R 9/3 4 2.1 C
WBB 10/8 1 16.2 C
WBB 10/8 2 26.9 C
WBB 10/9 1 2.4 C
WBB 10/9 2 1.9 C
R 10/9 1 5.2 R
R 10/9 2 3.6 R
WB 10/10 1 4.8 C
WB 10/10 2 4.9 C
WB 10/11 1 6.3 C
WB 10/11 2 6.0 C
NB 10/11 1 6.1 R
NB 10/11 2 6.2 R
WB 10/13 Upper 1 7.9 C
WB 10/13 Upper 2 5.6 C
WB 10/14 Upper 3 — C
WB 10/13 Lower 1 8.6 R
WB 10/14 Lower 2 — R
NB 10/20 1 5.6 R
NB 10/20 2 5.4 R
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Table 4. (continued) Average spacing of beach cusps or symmetric ridges 
profiled during each survey.
Location Date Survey
Location




NB 10/21 Lower 1 4.6 R
NB 10/21 Lower 2 6.2 R
NB 10/21 Upper 1 5.9 C
NB 10/21 Upper 2 6.6 C
WB 10/21 U. South 1 10.4 C
WB 10/21 U. South 2 10.3 C
WB 10/21 L. South 1 11.5 R
WB 10/22 L. South 2 8.3 R
WB 10/21 L. North 1 6.2 R
WB 10/22 L. North 2 5.7 R
WBB 10/25 1 6.6 C
WBB 10/25 2 6.0 C
WBB 10/26 Lower 1 13.1 R
WBB 10/27 Lower 2 7.2 R
WBB 10/26 Middle 1 13.4 R
WBB 10/27 Middle 2 6.6 R
WBB 10/26 Upper 1 12.6 C
WBB 10/27 Upper 2 6.5 C
R Rosario Beach, Fidalgo Island
NB - North Beach, Whidbey Island
WB - West Beach, Whidbey Island
WBB - West Beach at Banta Road, Whidbey Island
* C refers to surveys conducted over beach cusps.
R refers to surveys conducted over symmetric beach normal ridges.
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Table 5. Average beach cusp horn or symmetric beach normal ridge height (H), 








R 8/2 1 7.6 423 55
R 8/3 2 7.6 266 35
R 8/5 3 7.3 408 56
R 8/26 1 4 278 69
R 8/27 2 4.6 304 66
R 9/2 1 4.2 173 41
R 9/2 2 3.8 194 51
R 9/3 3 3.0 225 75
R 9/3 4 3.0 112 36
WB 10/10 6.2 487 78
WB 10/11 1 13 500 38
WB 10/11 2 4.8 486 101
WB 10/21 Lower North 1 6.3 365 56
WB 10/21 Upper South 1 17 1000 58
WB 10/21 Upper South 2 11.5 1300 117
WB 10/22 Lower South 2.5 195 78
WBB 10/25 1 14.5 612 42.5
WBB 10/25 2 10.75 581 54
R - Rosario Beach, Fidalgo Island
WB - West Beach, Whidbey Island







Figure 12. Comparison of length and height for cusps and associated 
symmetric beach normal ridges along with a comparison of 
length and height of large asymmetric ripples (after Allen, 
1968).
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plots of cusp horns, symmetric beach normal ridges and lower fore­
shore ripples compare very favorably with the plots for the large scale 
ripples. The B/H ratios for the three series of surveys from West Beach 
on October 11, 21 and 25 seem to increase through time. This trend is 
probably due to progressive flattening of the features. The similar B/H 
ratios of the features studied and large scale asymmetric ripples does 
not, however, imply any similarity between the mode of origin of the two.
Observed Spatial Relationships Associated with Surveys
Beach cusp formation occurred either at the high tide line, during 
the relative still stand of the mean water level at high tide, or 
occasionally at a lower level on the foreshore as the tide ebbed. When 
beach cusps and symmetric beach normal ridges were both observed to 
occur on a beach, the beach cusps were always directly up-beach of the 
ridges. The spacings of the beach cusps and associated ridges were always 
the same. The heights of the beach cusp horns were commonly very near 
the heights of the associated ridges. It was common to find symmetric 
beach normal ridges which formed during a falling tide extend the entire 
width of the foreshore, terminating at both the low tide step and the 
high tide berm. Newly formed symmetric beach normal ridges never extended 
below the low tide step. Often during a falling tide the newly formed 
ridges would only extend down to the step of the active swash-backwash 
zone.
Beach cusps and associated ridges had symmetric cross sectional 
profiles after being formed. Alteration to asymmetric cross sectional 
profiles occurred on some of the larger cusps and ridges at West Beach by 
obliquely incident waves which essentially stretched these mounds of 
sediment down drift (Fig. 11). Smaller beach cusps were simply destroyed
50
by waves such as these.
Longshore Migration of Beach Cusps
A regularly spaced migration of beach cusps and ridges is noticeable 
in 6 out of 22 sets of surveys (Fig. 11; Table 6). There is no direct 
relationship between the amount of offset and calculated longshore current 
velocities as has been observed by Sonu (1968) for large scale 
rhythmic features. It is interesting to note that the amounts of migra­
tion determined from surveys on Rosario Beach are all very close to 
half the cusp spacing. This offset may be due to a concentration of lag 
gravel at the center of the mouths of embayments which have been observed 
to become linear concentrations (perpendicular to the shoreline and 
parallel to symmetric ridges) as the tide falls across the foreshore.
This lag of very permeable coarse sediment can provide a resistant zone 
that may efficiently absorb swash-backwash (Longuet-Higgins and Parkin,
1962). During a subsequent rise or fair in tides this fluctuation of 
sediment sorting could lead to the formation of beach cusps (Zenkovich, 1967). 
The formation of the beach cusps from a coarse lag deposit at the mouths 
of embayments has been observed by Sallenger (1978). This may not 
therefore be a case of beach cusp migration but rather a form of 
inverted microtopography. The one case of possible beach cusp migration 
observed on West Beach is simply due to the cusp horns becoming asymmetric 
in profile as they are destructively stretched alongshore by obliquely 
incident incoming waves. The crest of the beach cusps seemed to migrate 
alongshore when the cusp shape merely changed in profile.
Ripples Formed by Longshore Currents
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by longshore currents appear in a plot of an October 21 survey of a 
section of the lower foreshore on West Beach (Fig. 11). Figure 13 shows 
a series of small scale ripples at West Beach similar to the ripples 
surveyed on October 21. The ripples surveyed on October 21 had lengths 
varying from 2 to 2.6 meters long and heights varying from 1.3 to 3.4 
centimeters high. They occurred on a section of the lower foreshore 
that was under approximately 1.2 meters of water at high tide. Incoming 
waves averaged 15 centimeters high and had an angle of incidence of 30°. 
The resulting longshore current velocity was near 65 cm/sec.
Sedimentary Analysis
The results of the sedimentary analyses are presented below in two 
sections; stratigraphic relations and sieve analysis. A generalized 
stratigraphy was developed from several trenches which were made on four 
beaches during the course of the study. A grain size analysis of 38 
separate sediment samples was also conducted. The analysis attempted 
to determine characteristic sediment distributions within and between 
specific stratigraphic horizons such as beach cusp horns, adjacent 
embayments, and the associated underlying sediment. This may indicate 
any process-response relationships associated with beach cusp formation.
Stratigraphy
Two trenches were dug at Rosario Beach on June 30 and July 28, 1977. 
The trench dug on June 30 was normal to the shoreline through the crest 
of a beach cusp horn. The trench dug on July 28 was parallel to the 
shoreline across the crest of a beach cusp horn. Both trenches were 
approximately 2 meters long and 50 centimeters deep. Figures 14 and 15 
show a cross section of the stratigraphy observed in each trench and a
53
Figure 13. Photograph of small scale asymmetric ripples probably formed 
by longshore currents. The ripples are exposed during low 
tide on a migrating bar at West Beach at Banta Road.
54
Figure 14. Stratigraphic section and comparison of mean and standard 
deviation of deposits from a trench made at Rosario Beach 
on June 30, 1977.
55
Figure 15. Stratigraphic section and comparison of mean and standard 
deviation of deposits from a trench made at Rosario Beach 
on July 28, 1977.
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graph of the mean grain size versus the standard deviation (degree of 
sorting) of each unit and sub-unit which was sampled in the trenches.
On June 30 sediment samples from an adjacent embayment and another 
beach cusp horn were taken to compare with the samples found in the 
trench.
The stratigraphic relations observed in each trench were similar.
There are three main units: (1) A beach cusp horn which grades downward
from very permeable gravels which are well washed of smaller size sediment, 
near the top (sub-units 6-30-la, 7-28-la, b) to a less permeable, poorly 
washed, mixed sand and gravel at the base (sub-units 6-30-lb, 7-28-lc);
(2) An underlying unit which consists of mixed sand and gravel (sub-unit
6- 30-2b, 7-28-2a); and (3) A sandy-gravel unit (6-30-4, 7-28-3) with a
sticky cocoa-brown clayey silt filling some of the interstices between 
grains.
Unit 2 can be either gradational into unit 1 as in the trench dug on 
July 28, or there can be a sandy layer (sub-unit 6-30-2a) which separates 
unit 1 from the mixed sand and gravel of unit 2 as observed in the trench 
dug on June 30. Unit 2 is less permeable than unit 1 due to its greater 
abundance of sand as a matrix. Its appearance suggests that it is 
unaffected by ongoing wave action. Gravel lenses (sub-units 6-30-3,
7- 28-2b, 2c), varying from less than 1 centimeter up to 7 centimeters
thick, have been observed in this unit. These gravel lenses are hori­
zontally discontinuous in directions both parallel to and perpendicular 
to the shoreline and are very similar in appearance to unit 1 gravels.
Unit three is in sharp contact with unit 2 and extends below the bottom 
of the trench.
This general stratigraphy, and similar relationships observed
57
in trenches at other beaches, indicates that the beach cusp horns are not 
always in sharp contact with underlying sediment but are occasionally 
in gradational contact. The similarity between sub units 6-30-lb and 
6-30-2b and also 7-29-lc and 7-28-2a show this. There are also similari­
ties between the sandy sub unit 6-30-2a and sample 6-30-7b taken from an 
adjacent embayment. These similarities are well shown by the graphs 
present in Figures 14 and 15.
Sieve Analysis
The results of the sieve analyses are presented to show two charac­
teristics of the beach sediment: (1) the grain size distribution found
within particular units, and (2) the difference in grain size distribution 
between these units.
Figures 16, 17 and 18 show the grain size distribution within the 
underlying beach sediment (presumed to be the average sediment mix), the 
surface of embayments and the surface of beach cusp horns, respectively. 
One sample of each unit from all four beaches has been included. The 
results of the complete sieve analyses can be found in Appendix 2.
The grain size distribution curves in Figure 16 show that the 
underlying sediment is distinctly bimodal. The mean grain size of the 
coarse fraction is between 2.5 millimeters and 5.5 millimeters while for 
the fine fraction it is between 1.0 millimeter and 0.25 millimeter.
Figure 17 shows that samples collected from the surface of embay­
ments have a bimodal grain size distribution similar to the distribution 
of the underlying sediment. The mean grain size of the coarse and fine 
fractions of the embayments are similar to those of the underlying 

























































































































































































relative to that of the underlying sediment.
The beach cusp horns (Fig. 18) are unimodal, very coarse and well 
sorted. The mean grain size of the cusp horns is close to the mean 
grain size of the coarse fractions of the embayments and underlying
sediment.
Figure 19 is a graph of the mean grain size versus the standard 
deviation (degree of sorting) of samples collected from the three 
different sedimentary units found on the beaches studied. It shows that 
the mean grain size of the samples taken from embayments is slightly 
finer than the mean grain size of samples from the underlying sediment. 
The standard deviation of the samples from the embayments is less than 
the standard deviation of the samples taken from the underlying sediment.
\At times the embayments were capped by a thin deposit of sand, while at 
other times the surface of the embayments was almost totally erosional. 
Samples of sediment from embayments were taken from both situations.
The embayment's depletion of coarse sediment relative to the underlying 
sediment may partially explain the slightly smaller mean grain size 
and better sorting of the embayments. The beach cusp horns show up as 
being much coarser and better sorted (low standard deviation) than the 
other units. The above observations are reinforced by Figures 16, 17 
and 18. It could be said that the depletion of coarse sediment in the 
embayments relative to the underlying sediment is due to the removal 
of sediment from the embayments, selective deposition of the coarse 
sediment in the beach cusp horns, and eventual redeposition of the fine 













































































































The purpose of the tracer study was to determine characteristic 
patterns of sediment motion which may be related to the formation of 
beach cusps. These patterns were accentuated by colored tracers and 
documented by time-lapse photography. Two tracer studies were conducted 
at Rosario Beach and one at Ship Harbor. Two observed patterns of sediment 
movement were concluded to relate to the origin of beach cusps: (1) an
arcuate transportation of beach drift which mirrored the similarly 
circular pattern of swash-backwash, and (2) selective sorting of the 
sediment by grain size.
Circular Sediment Transport
The tracer studies were all conducted on beaches with slight 
symmetrical beach normal ridges remnant from the past tidal cycle.
Figure 20 a-g is a series of seven photographs taken at Rosario Beach 
roughly 10 minutes apart during a flood tide. Fluorescent orange tracers 
were placed on a cusp horn and green tracers were placed in an adjacent 
embayment. Incoming wave swash was concentrated at regularly spaced 
intervals along the beach and transported sediment up the beach. The 
swash would then diverge, flowing into adjacent zones of weaker swash.
Two swash flows from opposite sides of a weak swash zone would converge, 
intercept the weak swash and return as a concentrated backwash which 
could be very erosive. This pattern of water motion was described by 
Bagnold (1940) and is illustrated in Figure 21. Throughout this cycle 
sediment was being transported, first by the swash, then the divergent 
flows, and lastly be the strong backwash. The material removed by this 
backwash collected near the active step and would migrate alongshore 
from this spot to below adjacent zones of strong swash where it would
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Figure 20 a-g. Time-lapse photographs. The photographs were taken at 
ten minute intervals during a flood tide. The zones 
where concentrations of orange tracer occurred are circled 
and labeled with the letter 'O', and zones where 
concentrations of green tracer occurred are circled and 
labeled with the letter 'g'. The following observations 
of sediment movement can be made from the photographs:
(a) initial emplacement of fluorescent orange tracers
on a cusp horn and fluorescent green tracers in an
adjacent embayment; (b) migration of orange tracers into
embayments and green tracers to lower swash-backwash
zone; (c) continued migration of tracers to lower swash- 
backwash zone; (d) concentration of tracers below the
cusp horn; (e) intensified swash has transported a few
tracers back onto the horn; (f) tracers now located
along the zone of cell circulation; (g) material






































Figure 21. Wave swash-backwash around cusps and within embayments 
(after Bagnold, 1940).
73
repeat the circular transportation cycle. Sediment swashed up the beach 
would collect as mounds which could be shaped into cusps by the swash 
diverging around it. The adjacent zones of strong backwash could 
correspondingly be shaped into embayments.
Selective Sorting
It has been well documented that swash velocities decrease as the 
swash runs up a sloping beach, and that the competency of swash to 
transport sediment of a certain grain size correspondingly decreases 
(Miller and Ziegler, 1958). The divergent swash flows observed in 
association with beach cusps decrease velocity in their arcuate trajectory 
up and along the beach and the competency to transport sediment also 
decreases. The coarsest sediment was deposited first near the nose of 
the cusp horn where it was able to remain without appreciable movement. 
This may be due to any combination of factors such as greater bulk of 
the clasts, greater surface roughness and greater permeability. The 
swash velocity diminished after the diverging arcuate flows passed the 
cusp horns and flowed into adjacent embayments. At this point the swash 
stagnated for a brief moment before beginning to return as an erosive 
backwash. During this brief stagnation much of the material still 
transported by the swash was deposited on the floor of the embayments 
as a thin veneer of fine grained material. As the backwash increases 
velocity during its return flow it became erosive and the sediment size 
it transported slowly increased until the coarsest material was being 
transported and eventually deposited on the lower swash-backwash 
zone or on the step. So the sediment sorting in the circular swash- 
backwash was similar to the more direct onshore-offshore swash-backwash
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sediment sorting originally documented by Miller and Ziegler (1958). 
The only major difference was the regularly spaced concentrated swash 
and resulting circular swash-backwash patterns.
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DISCUSSION
The data in the previous section were collected, with the shore 
drift and edge wave theories in mind, to add further support to the 
understanding of the origin of beach cusps. These two theories are them­
selves intertwined within a controversy over the temporal relationships 
of nearshore circulation cells and corresponding onshore and offshore 
rhythmic topography. Proponents of the shore drift theory believe that 
rhythmic topography in the nearshore zone, developed by longshore 
currents, initiates a circulation of water over and around the highs 
and lows as a result of diverting incoming waves into circulation cells 
of variable degrees of wave energy and consequent longshore distribution 
of wave height inshore of the breaker line (Sonu, 1973). The circulation 
cells could constructively redistribute the beach sediment into evenly 
spaced beach cusps (Komar, 1976). Proponents of the edge wave theory 
believe that circulation cells are developed as regular longshore 
variations of wave energy and resulting wave height initiated by the 
interaction of incoming waves with edge waves (Bowen and Inman, 1969).
This interaction can cause the desired circulation cells which would, 
as has been mentioned, develop beach cusps.
Shore Drift as a Causative Factor
Shore drift in the form of longshore sand waves was not seen during 
the investigation as a factor in the origin of beach cusps. There were 
no longshore sand waves, generated by longshore currents, that were 
found associated with beach cusps. The foreshore zone symmetric 
beach normal ridges that were studied were not formed by a longshore 
current flowing normal to (or nearly so) their crests as several investigators
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suggested could happen. The internal structure did not suggest longshore 
movement of the ridges, and they had no asymmetric profile in the direc­
tion of shore drift. Most of the longshore current velocities calculated 
from recorded wave parameters were not, according to Figure 10 (Sonu,
1968) of sufficient magnitude to generate bedforms. During occasions when 
there were relatively high longshore current velocities due primarily 
to either a relatively large angle of wave incidence (North Beach 6/18,
6/20, 10/20; West Beach 10/21; West Beach at Banta Road 10/25, 10/26) or a 
relatively large wave height (West Beach at Banta Road 10/8), erosion of 
beach cusps and associated morphology commonly occurred (Fig. 11a, m, n, 
s, t, u, v). In addition, no observable longshore migration of beach cusps 
or associated symmetric beach normal ridges, directly attributable to 
longshore currents (Table 6), as is suggested by several investigators 
(Bruun, 1954; Sonu, 1968; Schwartz, 1972), seemed to occur.
Shore drift did not occur as sand waves probably because the near­
shore environment which existed on the beaches studied was not conducive 
to the formation of the type of sand waves that Schwartz (1972) hypothesized. 
Sonu (1973), while working at Nags Head, North Carolina, suggested that for 
the formation of sand waves a gentle beach slope, and an abundance of 
obliquely incident waves are required. These conditions did not occur 
on the beaches investigated in this study. The slope of the beach faces 
was very steep. They varied from 4° to 9°, but mostly from 7° to 9°.
The wave climate was one of low relative wave energy and small angle of 
wave incidence. This resulted in a small longshore component of incoming 
wave energy and correspondingly low longshore current velocity. Owing 
to the steep beach slope there was a narrow surf zone, which was essentially
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the swash-backwash zone. Due to the narrow surf zone the longshore 
currents associated with the beaches studied are poorly developed and 
have little effect on longshore transport of foreshore zone sands and 
gravels. In this situation where the bulk of wave energy is concen­
trated in a small zone, it is assumed (Longuet-Higgins, 1972) that much 
of the longshore component of wave energy is transformed into beach drift.
Edge Waves as a Causative Factor
The edge wave theory for the origin and rhythmic spacing of beach 
cusps offers the most plausible explanation for the origin of the cusps 
that were investigated. Edge waves are a swash zone process initiated 
by the reflection of normally incident waves off the beach face (Ursell, 
1952). The beaches studied are swash dominated and since the incoming 
waves break cleanly as plunging or surging breakers they could be considered 
as reflective beaches (Galvin, 1972). Edge waves are rhythmic in a long­
shore direction and, through their interaction with incoming waves, con­
centrate wave energy as regular longshore variations of breaker height.
These variations have been observed in the swash as concentrated flows 
which generate circulation cells whose size is related to the original 
edge wave spacing (Komar, 1976). Edge waves are, therefore, related to 
circulation cells. Edge waves are for the most part stationary, and a 
near normal wave incidence is needed to maintain them. Small longshore 
currents can ease the swash systems associated with edge waves down drift, 
but large longshore currents can destroy the entire system.
Predicted Beach Cusp Spacing
In Figure 22, the beach cusp spacing predicted by the edge wave 
theory (Ursell, 1952) for zero mode synchronous and subharmonic edge waves
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Figure 22. Comparison of measured beach cusp spacing and spacings computed 
by the edge wave theory from data in Tables 2 and 4.
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are compared to the average measured spacings of beach cusps from various
surveys. Only surveys over newly formed cusps were used in 
association with the wave parameters obtained from the wave conditions 
existing at the time. The range of values obtained for the computed 
spacing is due to the range of beach slopes which were used (Table 1).
The measured and computed spacings compare very favorably with one 
another. This strongly suggests that edge waves controlled the spacing 
of the beach cusps. There is a tendency for the computed cusp spacings 
to be slightly smaller than the measured spacings. This could be due to 
an underestimation of the values of the beach slope or incident wave 
period. The only other such available data on beach cusps of this size 
formed by edge waves is from Komar (1973) and Sal longer (1978). Figures 
23 and 24 (Sallenger, 1978) show that their measured beach cusp spacings 
compare with their computed beach cusp spacing as favorably as does the 
data from this investigation.
Generation of Cell Circulation
Regular longshore variations in the breaking wave height due to 
edge wave - incoming wave interactions initiate a cell circulation of 
swash and backwash (Komar, 1973). As waves break on shore, regularly 
spaced zones of concentrated swash result from a larger than average 
breaker height, where addition of edge wave antinodes and incoming waves 
occurs. The tracer studies documented that, as the concentrated swash 
ran up the beach face part of it also flowed into adjacent zones of low 
water level, probably corresponding to nodal points of the edge waves on 
the shoreline. As a result of flowing both onshore and alongshore, the 
incoming swash inscribed arcs across the beach face which originated from
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Figure 23. Comparison of measured beach cusp spacing and spacings computed 
by the edge wave theory by Komar (after Sallenger, in press).
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Figure 24. Comparison of measured beach cusp spacing and spacings computed 
by the edge wave theory from data by Sallenger (after Sallenger, 
in press).
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regularly spaced points low in the swash-backwash zone, and flowed in 
opposite directions. The returning backwash would flow down the beach 
in the vicinity of edge wave nodal points thereby completing the circular 
swash pattern. This pattern is similar to the one described by Bagnold 
(1940) on microti dal beaches of the Mediterranean Coast of Egypt. Con­
sequently, each embayment had two mirror image circular swash-backwash 
gyres flowing from adjacent cusp horns to the center of the embayment.
Sediment Response to Swash Circulation
As a result of the double-arc swash-backwash pattern there was a 
corresponding circular transportation of sediment with selective sorting 
by grain size superimposed on it. As the swash velocity decreased in an 
onshore-alongshore arcuate trajectory finger grain size sediment was 
deposited. Consequently, the coarsest material was deposited on the cusp 
horns with smaller grain sizes eventually deposited in and near the 
embayments.
A unique characteristic of the sediment distribution (Fig. 16-19) 
which hasn't been discussed in previous literature, may be explained by 
this interpretation. It is important to remember that the original sedi­
mentary make-up of the beaches was a bimodal mixture of sand and gravel 
(Fig. 16). Since the beach cusp horns were deposited under high swash 
velocities they were consequently comprised of the coarsest sediment 
with the fines winnowed out (Fig. 18). With the coarse sediment deposited 
in the cusp horns, the sediment which was deposited in the embayments 
would be depleted in coarse grains (Fig. 17) relative to its original 
make-up (Fig. 16). The embayments would have a sedimentary distribution 
that, with the exception of the coarse fraction, would be very similar
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to the original bimodal mixture of sands and gravels (Fig. 19).
Topographic Feedback
After a topography is developed it can aid in preserving the 
circular swash-backwash system by developing a reinforcing feedback 
(Noda, 1972, 1974). At this point edge waves may no longer be important. 
The circulation is topographically controlled and the topography would 
continue to develop. Through a tidal fall, as the swash-backwash zone 
worked across the foreshore, the initial cusp shapes would grow into the 
linear 'wave' shapes of the symmetric beach normal ridges. This was 
probably due at least in part to a continuance of swash-backwash sediment 
distribution processes occurring in stationary zones along the shoreline.
Further Considerations
A longshore offset in beach cusps and associated symmetric beach 
normal ridges, after one or two tidal cycles, that amounted to roughly 
one-half the cusp spacing (Table 6) was probably due to an inverted 
microtopography. This was presumably initiated by coarse, very permeable 
lag deposits in the hollows between ridge crests being more resistant to 
swash transport than adjacent sediment comprising the symmetric beach 
normal ridges. Since the wave conditions during the periods of topographic 
inversion were for the most part constant, the new set of beach cusps 
were probably the result of an initial feedback due to differences in 
sediment sorting. Zenkovich (1967) suggested that there was a real 
possibility that beach cusps could be generated from regular differences 
in the degree of sediment sorting.
In Figure 12, the comparison of height and length for beach cusps 
and associated symmetric beach normal ridges is very similar to that of
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large scale asymmetric ripples. Since ripple dimensions are believed 
(Bagnold, 1956) to be an equilibrium adjustment between fluid forces and 
a granular bed, then the dimensions of the features which were surveyed 
during the investigation may also represent such an equilibrium state. 
Noda (1972) concluded that nearshore bottom configurations not in 
equilibrium with current motion would alter their shape until an 
equilibrium bottom configuration is attained. It has been demonstrated 
here that an initial beach cusp topography can provide a feedback to 
the circular swash-backwash forming the cusps.
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CONCLUSIONS
1. Shore drift in the form of longshore sand waves was not seen during
this investigation to be a factor in the origin of beach cusps.
2. The foreshore zone physical environment was not conducive to the
formation of longshore sand waves. Incoming wave energy was relative­
ly low. Wave heights averaged only 13 centimeters and the angle of
wave incidence averaged only 12®. The resulting longshore current
velocities averaged 26 cm/sec.
3. Edge waves were probably responsible for the origin and rhythmic
spacing of the beach cusps that were studied. The data presented
adds further support to the edge wave theory for the origin of beach
cusps.
4. Circular swash-backwash circulation initiated by edge wave-incoming
wave interactions produced a similar circular swash transport of
beach sediment. The beach sediment was sorted by grain size during
this transport with the coarsest on the cusp horns and the finer
grained sediment depositing in the embayments.
5. Originally bimodal sediment comprising the beaches was found to
become distinctly coarse and well sorted in the beach cusp horns.
The deposits in the embayments were noticeably depleted in coarse
grains relative to the underlying sediment.
6. Feedback to the original edge wave induced circular swash-backwash
circulation pattern, either by topography or regular variations in
sediment sorting, were observed to preserve the circular pattern of
sediment transport. This aided in maintaining the pattern of sediment
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sorting through a falling tide, and led to the development of the 
symmetric beach normal ridges found lower of the foreshore.
7. The ratio of length to height for newly formed beach cusps and
associated symmetric ridges compares favorably with the same dimensions
for large scale asymmetric ripples. This may suggest an attempt to
attain an equilibrium configuration despite the different origin
for the features studied.
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The wave parameters were recorded with the use of an instrument 
developed by the author and referred to as a 'wave stadia' (Fig. 6).
It consists of a hollow aluminum rod 2 meters long and 1.5 centimeters
wide that is sealed at both ends. This rod is alternately painted bright 
green and silver in 10 centimeter long strips. Every other green strip 
is divided into four small 1 centimeter long green strips alternating 
with three small 2 centimeter long silver strips (Fig. 6). Several flota­
tion rings are attached to the lower portion of the rod to give it a strong
positive buoyancy. One end of a nylon rope, approximately 30 meters long,
is securely fastened to the bottom of the rod. This rope in turn passes 
freely through a ring which is attached to a 2 kilogram lead ball.
The wave stadia is best positioned offshore at low tide. This way it 
will be further offshore and in deeper water at high tide when the wave 
prameters are usually recorded. One end of the rope should be attached to 
the wave stadia, the other end to the user's hand, and the lead weight slid 
half way down the rope. The ball is then thrown as far offshore as the 
rope allows. The free end of the rope is then pulled onshore causing the 
wave stadia to float offshore until it is directly above the lead ball. 
Taking in more rope will invert the wave stadia. The wave stadia will, 
through the pull of the rope and the negative buoyancy of the flotation 
rings, remain vertical and motionless as incoming waves pass by. In this 
position it can be used as a stationary reference marker for determining 




Several surveys were conducted with a self profiling device 
developed by the author and referred to as a 'catenary profiling device' 
(Fig. 8). It is based on the ability to calculate the amount of sag 
in the center of a cable suspended from two mutually elevated points if 
the following parameters are known: (1) length of the cable, (2) tension
of the cable at the supports, and (3) unit weight of the cable (Hicks, 
1972, p. 1-17). The cable is used as a relative datum elevation despite 
the fact that it is sagging because this sag can be corrected for.
The amount of sag at the center of the cable (d) can be computed by 
first determining the catenary parameter, c, by the equation
c = [ ( T/W)^ - (S/2)^ 
and
d = (d + c) - c ; T/W = (d + c)
where
c = catenary parameter 
T = cable tension at the supports 
W = unit weight of the cable 
s = distance between the supports 
d = cable sag at the center of the cable 
The magnitude of sag at the center of the cable is very small compared 
with the distance from the center of the cable to the supports. The sag 
along the cable is therefore assumed to be linearly distributed and a 
correction factor can be determined graphically for any point along the 



















































































































































































within the limits of error of the original surveys and therefore is 
considered negligible.
The catenary profiling device is set up by hammering two 2 meter 
long steel posts 1 meter into the beach face 30 meters apart and 
equidistant from the shoreline. Each post has a large ring attached 
near the top (Fig. 8) which, with the aid of a surveyors level are made 
mutually elevated. A 100 lb test 0.5 millimeter diameter braided steel 
fishing cable is then clipped onto the rings. A turnbuckle attached to 
one end of the cable is used to adjust the tension. This tension is 
recorded at one end with a 13 kilogram capacity spring scale. The length 
of the cable and its unit weight are known values. Since all the parameters 
needed to calculate the cable sag are known it can now be assumed to be 
a horizontal line. A survey of the traverse from one post to the other 
is conducted by measuring the vertical height from a station on the beach 
face to the cable with a meter stick and the distance from one post to 
the station with a metric tape. The extra height taken up by cable sag 
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